Goodwin, Gary W., and Heinrich Taegtmeyer. Improved energy homeostasis of the heart in the metabolic state of exercise. Am J Physiol Heart Circ Physiol 279: H1490-H1501, 2000.-We postulate that metabolic conditions that develop systemically during exercise (high blood lactate and high nonesterified fatty acids) are favorable for energy homeostasis of the heart during contractile stimulation. We used working rat hearts perfused at physiological workload and levels of the major energy substrates and compared the metabolic and contractile responses to an acute low-to-high work transition under resting versus exercising systemic metabolic conditions (low vs. high lactate and nonesterified fatty acids in the perfusate). Glycogen preservation, resulting from better maintenance of high-energy phosphates, was a consequence of improved energy homeostasis with high fat and lactate. We explained the result by tighter coupling between workload and total ␤-oxidation. Total fatty acid oxidation with high fat and lactate reflected increased availability of exogenous and endogenous fats for respiration, as evidenced by increased long-chain fatty acyl-CoA esters (LCFA-CoAs) and by an increased contribution of triglycerides to total ␤-oxidation. Triglyceride turnover (synthesis and degradation) also appeared to increase. Elevated LCFA-CoAs caused high total ␤-oxidation despite increased malonyl-CoA. The resulting bottleneck at mitochondrial uptake of LCFACoAs stimulated triglyceride synthesis. Our results suggest the following. First, both malonyl-CoA and LCFA-CoAs determine total fatty acid oxidation in heart. Second, concomitant stimulation of peripheral glycolysis and lipolysis should improve cardiac energy homeostasis during exercise. We speculate that high lactate contributes to the salutary effect by bypassing the glycolytic block imposed by fatty acids, acting as an anaplerotic substrate necessary for high tricarbocylic acid cycle flux from fatty acid-derived acetyl-CoA. fatty acids; carnitine palmitoyltransferase I; malonyl-coenzyme A; long-chain fatty acyl-coenzyme A esters THE PATTERN OF SUBSTRATE USE by the heart in vivo is the combined result of preference, competition between the major energy substrates (fatty acids, lactate, and glucose), and substrate provision by the host and therefore varies according to workload and hormonal status. The heart prefers fatty acids (29, 30), which supply the majority of ATP synthesis at rest and exercise. The exercising metabolic state is characterized by high blood lactate (from skeletal muscle glycolysis; see Refs. 12 and 20) and high nonesterified fatty acids (from adrenergic stimulation of lipolysis in adipose tissue; see Refs. 12, 20, and 26), which compete with one another (4, 8, 33) and with glucose at the heart. Glycolysis and subsequent pyruvate oxidation are inhibited by fatty acids (reviewed in Ref. 28), but the effect on carbohydrate oxidation is partially offset when heart work is increased, because pyruvate dehydrogenase becomes activated by dephosphorylation (18). The end result is that fatty acids and lactate (which bypasses the glycolytic block) become the major respiratory substrates for the heart during exercise (12).
THE PATTERN OF SUBSTRATE USE by the heart in vivo is the combined result of preference, competition between the major energy substrates (fatty acids, lactate, and glucose), and substrate provision by the host and therefore varies according to workload and hormonal status. The heart prefers fatty acids (29, 30) , which supply the majority of ATP synthesis at rest and exercise. The exercising metabolic state is characterized by high blood lactate (from skeletal muscle glycolysis; see Refs. 12 and 20) and high nonesterified fatty acids (from adrenergic stimulation of lipolysis in adipose tissue; see Refs. 12, 20, and 26), which compete with one another (4, 8, 33) and with glucose at the heart. Glycolysis and subsequent pyruvate oxidation are inhibited by fatty acids (reviewed in Ref. 28 ), but the effect on carbohydrate oxidation is partially offset when heart work is increased, because pyruvate dehydrogenase becomes activated by dephosphorylation (18) . The end result is that fatty acids and lactate (which bypasses the glycolytic block) become the major respiratory substrates for the heart during exercise (12) .
We postulate that the heart is adapted to take advantage of changes in substrate availability that occur under systemic conditions that accompany exercise, reflecting increased reliance on either fat or lactate for respiration. Adaptation should manifest as differences in the ability to maintain high-energy phosphates and other endogenous substrates (i.e., glycogen) and/or differences in mechanical function, depending on whether heart work is stimulated under resting compared with exercising systemic metabolic conditions. Alternatively, the availability of preferred substrates under resting conditions (low systemic fat and lactate) may be inadequate to maintain energy homeostasis of the heart at high workload. Increased reliance on fat or lactate should result in tighter coupling between workload on the one hand and oxidation of one or both of these substrates on the other. Long-chain fatty acylCoA esters (LCFA-CoAs), the proximal substrate for the rate-limiting step of total ␤-oxidation, serve as an index of a real increase in the availability of lipids for respiration, irrespective of the source (exogenous, endogenous, or both).
We included an important improvement over existing studies of regulation of heart fatty acid oxidation. We found that triglyceride oxidation is increased under systemic conditions that develop during exercise, becoming a nontrivial component of total fatty acid oxidation once contractile activity is stimulated. Oxida-tion of intracellular triglycerides is regulated, in the first instance, by lipolysis (17, 26, 32) . This process releases fatty acids into a common pool bound to fatty acid-binding protein (reviewed in Ref. 37 ). We postulate that carnitine palmitoyltransferase I (CPT I), which is the rate-limiting step for ␤-oxidation, subsequently regulates flux for mitochondrial uptake of CoA esters derived from the common pool. Therefore, to better evaluate the regulation of CPT I, we measured total fatty acid oxidation of exogenous plus endogenous lipids, in addition to a conventional measure for exogenous fatty acid oxidation ( 3 H 2 O production from [9, H]oleate). Total ␤-oxidation of exogenous plus endogenous lipids is probably more meaningful in terms of regulation of CPT I by malonyl-CoA and/or by LCFACoAs.
METHODS
Heart perfusions and perfusion protocol. Procedures and sources of materials were given previously (15) . Hearts from chow-fed male Sprague-Dawley rats (300-350 g) were perfused under working conditions and were subjected to the pulse-chase protocol depicted in Fig. 1 . In the working-heart preparation, we cannulated the aorta and left atrium. The heart ejects perfusate against a fixed afterload determined by the height of the aortic overflow. The filling pressure for the left atrium is also fixed by the height above the heart of a fluid reservoir in the oxygenator. A portion of the venous effluent from the heart, taken directly from the pulmonary artery, was pumped through a chamber for O 2 determination and was then collected. The remaining venous effluent drips from the apex of the heart and was also collected. The combined venous effluent was subjected to analysis for radioactive metabolites. The perfusate during the chase was Krebs-Henseleit buffer containing 5 mM glucose, 40 U/ml regular insulin, 0.5 or 5.0 mM sodium-L-lactate, and 0.4 or 1.2 mM sodium oleate prebound to 3% bovine serum albumin (fatty acid free) and was equilibrated with 95% O 2 -5% CO 2 . The free Ca 2ϩ concentration (ϳ1.4 mM) was adjusted by dialyzing against 10 vol of albumin-free buffer containing 1.5 mM CaCl 2 and 0.1 mM EDTA. The left atrial filling pressure was 15 cmH 2 O, and the afterload was initially set at 100 cmH 2 O and raised to 140 cm at the time of adrenergic stimulation. The aortic flow, which is not acted on metabolically by the heart, was recirculated, and the coronary flow was not recirculated during the chase period. We studied two perfusion conditions (n ϭ 25 perfusions each) corresponding to resting and exercising systemic metabolic states. The resting state was 0.5 mM lactate in the perfusate, starting at 20 min of the protocol, and 0.4 mM oleate, starting at 45 min, with other conditions as described above. These perfusions were exactly as described in a previous study (15) . The exercising metabolic state was 5.0 mM lactate in the perfusate, starting at 20 min of the protocol, and 1.2 mM oleate, starting at 45 min, with other conditions as described above (see Fig. 1 ).
We freeze-clamped three groups of hearts for each metabolic state. The unstimulated treatment group (n ϭ 5) was freeze-clamped on the cannula after 10 min of chase perfusion (min 55 of the protocol) with the use of aluminum tongs cooled in liquid N 2 . In the other two groups (acute and prolonged stimulation), contractile activity was stimulated after 10 min of chase perfusion by addition of 1 M epinephrine; at the same time, we raised the afterload by 40%, and the perfusions were continued for another 3 min (acute stimulation treatment group freeze-clamped at min 58, n ϭ 5) or 20 min (prolonged stimulation treatment group freezeclamped at min 75, n ϭ 15) before freeze clamping. Hearts in the prolonged stimulation treatment group were randomly assigned to one of three isotope treatment groups (n ϭ 5 each) according to which 14 C]glucose in 200 ml of perfusate during the "pulse"). The specific activity of glycogen achieved by the labeling protocols, measured in the unstimulated treatment groups, was 24 Ϯ 4 dpm/nmol (n ϭ 5) for hearts perfused with low fat and lactate and 22 Ϯ 3 dpm/nmol (n ϭ 5) for hearts perfused with high fat and lactate. In selected perfusions (n ϭ 6 for each systemic metabolic state), we included exogenous [9, 14 C]pyruvate) in the coronary effluent (in dpm/ml, corrected for blanks determined on the recirculated aortic circuit), divided by the specific activity (in dpm/nmol), multiplied by the coronary flow (in ml/min), and normalized to the dry weight of each heart.
To calculate total fatty acid oxidation of exogenous plus endogenous lipids, we equated myocardial O 2 consumption (MV O 2 ) to O 2 consumption resulting from oxidation of each substrate by use of the following formula (all units are mol ⅐ min Ϫ1 ⅐ g dry wt
Ϫ1
): MV O 2 ϭ 25.5 (total ␤-oxidation, acyl units) ϩ 6 (glucose oxidation) ϩ 6 (glycogen oxidation) ϩ 3 (lactate oxidation) ϩ 0.5 (pyruvate release). Pyruvate release (measured enzymatically) contributes slightly to O 2 consumption, because pyruvate is more oxidized than its precursors (glucose, glycogen, or lactate). We assumed 25.5 mol O 2 /mol for the stoichiometry of oxidation of the average acyl group (i.e., like oleate). This is valid because 80-90% of total ␤-oxidation is of exogenous oleate (Table 6) , and oleate is the most abundant fatty acyl moiety in heart triglycerides (27) . Glycerol is not well oxidized by heart (21) , and the contribution (if any) of triglyceride-derived glycerol to O 2 consumption was ignored. We verified the underlying assumption of uniform isotopic enrichment of glycogen and found that the above relation accounts for O 2 consumption quantitatively by substituting exogenous oleate oxidation plus net triglyceride degradation for total ␤-oxidation (15) . In the present study, we report individual values for triglyceride degradation, oleate oxidation, and total ␤-oxidation.
Contractile performance and O 2 consumption. Aortic pressure was measured with a Hewlett-Packard dome transducer on the side arm of the aortic cannula interfaced to a Gould physiological record (model 2400S; Cleveland, OH). Flow rates were measured from the filling time for a graduated chamber (aortic flow) or by timed collection of coronary flow into preweighed vials. Hydraulic power (in W) is the product of cardiac output (coronary plus aortic flow, in m 3 /s) times the afterload (in Pa). To measure O 2 consumption (MV O 2 ), a portion of the coronary flow from the pulmonary artery (10 ml/min) was pumped through a stirred, thermostatted 3-ml chamber fitted with a Clark electrode (Yellow Springs Instruments) and then returned to the heart chamber. A second electrode was fitted to the bottom of the oxygenator, and the two electrode currents were displayed continuously. MV O 2 was calculated from the arteriovenous concentration difference for O 2 times the coronary flow, with the use of 1.06 mM for the concentration of dissolved O 2 in a solution equilibrated with an atmosphere of 100% O 2 (34) . Electrodes were calibrated with air-saturated water (19.6% O 2 saturation after correction for water vapor, 47 mmHg at 37°C). O 2 saturation was maintained between 70 and 85% throughout the protocol (the theoretical maximum is 89%).
Description of the protocol. Several features of the perfusion protocol (Fig. 1 ) are in need of clarification. The first 45 min were designed so that glycogen would be degraded and then resynthesized, as described previously (15) . The first 20 min of perfusion without carbon substrate (in the presence of O 2 ) cause about one-half of the preexisting glycogen to be consumed (15) and were included so that preexisting glycogen would not dilute newly synthesized glycogen. Hearts were then switched to conditions that would promote glycogen resynthesis. In one group of hearts, in addition to nonradioactive glucose, we included [U- 14 C]glucose so that glycogen would become radiolabeled (pulse portion of the protocol). The rationale for including D-␤-hydroxybutyrate and L-lactate during the resynthesis phase was to divert exogenous [U- 14 C]glucose from glycolysis into glycogen synthesis. Lactate and ␤-hydroxybutyrate are good energy substrates for the heart and replace glucose as the respiratory substrate. Oxidation of ␤-hydroxybutyrate by the heart is similar to that of short-chain fatty acids. We used ␤-hydroxybutyrate instead of a more physiological long-chain fatty acid during the pulse to obviate technical difficulties associated with adding a long-chain fatty acid-albumin complex to the perfusate. Starting at 45 min of the protocol, we replaced ␤-hydroxybutyrate with a long-chain fatty acid-albumin complex to more accurately model a physiological state, and we began measuring the metabolic activity of the heart. For the set of perfusions in which glycogen was labeled ([ 14 C]glycogen group), [U- 14 C]glucose was replaced with nonradioactive glucose starting at 45 min of the protocol ("chase" portion of the protocol).
Analytic procedures. 14 CO 2 and 3 H 2 O were measured in fresh perfusate as described previously (14) . The sum for 14 C]pyruvate was determined in deproteinized perfusate by paper chromatography (14) . Pyruvate release (total, nonradioactive) was measured enzymatically in deproteinized perfusate (3) .
Frozen hearts, stored at Ϫ70°C, were weighed and ground to a fine powder under liquid N 2 , and a portion was taken for dry-weight determination. Heart dry weights were corrected for trapped albumin (ϳ15% of the total dry wt) with the use of 0.46 for the fractional extracellular fluid space volume (previously determined with [U- 14 C]sucrose) and 3.6% dry weight of the perfusate. Procedures for glycogen content and radiochemical enrichment of glycogen were given previously (15) . Other metabolites were measured in freshly prepared 6% perchloric acid extracts of heart, adjusted to pH 5 with buffered KOH. Adenine nucleotides, phosphocreatine, and glucose were measured by use of established enzymatic methods (3) . The calculation for intracellular glucose, with the use of [U- 14 C]sucrose as the extracellular fluid space marker, was given previously ( Table 3 in Ref. 15 ). P i was measured with the acid molybdate reaction (9) . Perchloric acid-insoluble material was used for the assay of LCFA-CoAs on the basis of hydrolyzable CoA-SH (1), measured enzymatically with ␣-ketoglutarate dehydrogenase (2). Malonyl-CoA was measured radiochemically with purified rat liver fatty acid synthase (1.1 U/mg protein) and [acetyl-
We included a malonyl-CoA internal standard for each determination as described by McGarry et al. (24) . Triglycerides were analyzed on lipid extracts of powdered heart (5) after isolation of the triglyceride fraction by TLC, as described previously (15) . Isolated triglycerides were subjected to alkaline hydrolysis, and the neutralized hydrolysate was analyzed for glycerol with the use of glycerol kinase (3). Values were referred to acyl content (glycerol/3). To measure de novo triglyceride synthesis, the neutralized hydrolysate was taken for scintillation counting and referred to new acyl group incorporation on the basis of the specific activity of extracellular [9,10- 3 H]oleate. Enzyme assays. Glycogen synthase was measured as described by Skurat et al. (31) with the use of the filter-binding assay of Thomas et al. (36) . The glycogen phosphorylase assay was based on the method of Gilboe et al. (13) . Phosphorylase a was measured in the presence of 0.5 mM caffeine to prevent activation by endogenous AMP (19) , and total phosphorylase was measured in the presence of 3 mM AMP. Pyruvate dehydrogenase was measured by 14 CO 2 production from 2 mM [1-
14 C]pyruvate, as described by Harris et al. (16) . The active form was measured directly, and the total activity was measured after incubation for 30 min at 30°C with 1 mM CaCl 2 plus 5 mM MgCl 2 to allow dephosphorylation by endogenous phosphatases. This procedure produced stable, maximal values. The total activity of pyruvate dehydrogenase was not different between any of the groups, averaging 23 Ϯ 1 mol ⅐ min Ϫ1 ⅐ g dry wt Ϫ1 (n ϭ 50). Data are expressed as means Ϯ SE. Statistical comparison was by analysis of variance with post hoc comparison by Newman-Keuls multi-sample test. P Ͻ 0.05 was considered significant. Figure  2 shows performance of the hearts for the two metabolic states. Resting systemic metabolic conditions were defined as hearts perfused with 0.4 mM oleate and 0.5 mM lactate (low fat and low lactate). Exercising systemic conditions were defined as hearts perfused with 1.2 mM oleate and 5.0 mM lactate (high fat and high lactate). Figure 2A shows contractile performance (hydraulic power, which is the rate of pressurevolume work), and After the pulse portion of the protocol, perfusion conditions were switched to one of the two systemic metabolic states, starting at 45 min (start of the chase), and we began collecting the coronary effluent to measure metabolic activity. Contractile activity was stimulated 10 min into the 30-min chase period by addition of 1 M epinephrine; at the same time, we raised the afterload by 40% to simulate the usual situation as it occurs in vivo (increased arterial pressure during exercise). The rationale for raising the afterload is also to increase coronary flow (O 2 delivery), which is highly dependent on perfusion pressure in this preparation, so that hearts would not experience "demand ischemia" with the addition of epinephrine. The combined intervention produced an immediate 100% increase in hydraulic power. With continued stimulation, the steadystate increase in power was 75%, roughly one-half of which resulted from the increase in afterload (the other one-half was from an increase in cardiac output). Contractile performance and O 2 consumption before and after stimulation are comparable with values measured in vivo for resting and exercising rats (10). Substrate oxidation. Figure 3 shows the time course of substrate oxidation during the chase period in the presence of high fat and lactate. The time course with low fat and lactate was reported previously (15) . Table  1 gives O 2 consumption resulting from oxidation of each substrate for both conditions. Rates were determined by the Fick principle (arteriovenous concentration difference times coronary flow, but the "arterial" side was fresh perfusate or endogenous substrate) on the basis of 14 CO 2 production for carbohydrate oxidation or 3 H 2 O production from exogenous [9,10-3 H]oleate. There were three prominent effects of high concentrations of fat and lactate on rates of substrate oxidation. First, exogenous oleate oxidation, which was not significantly increased under control conditions, was increased with the work jump in the presence of high fat and lactate. Second, the increases in oxidation of glucose and glycogen with the work jump were strongly inhibited. Third, glucose and glycogen were replaced by lactate as the respiratory substrate. This replacement, however, was less than stoichiometric in terms of ATP synthesis (equivalent to O 2 consumption) during acute stimulation, because the increase in the contribution of carbohydrate oxidation to O 2 consumption was less with high fat and lactate [28.7 Ϯ 3.5 vs. 16.2 Ϯ 2.7 (P Ͻ 0.05) for acute stimulation and 27.0 Ϯ 2.7 vs. 20.2 Ϯ 2.64 mol ⅐ min Ϫ1 ⅐ g dry wt Ϫ1 (not significant) for prolonged stimulation for low vs. high fat and lactate, respectively; Table 1 ]. This resulted because the increase in total ␤-oxidation was more pronounced with high fat and lactate (see Table 6 and Fatty acid oxidation).
RESULTS

Contractile performance and O 2 consumption.
The increase in lactate oxidation shown in Fig. 3 resulted from activation of pyruvate dehydrogenase by dephosphorylation. The percentage of the total activity in the active form was 14 Ϯ 2% (n ϭ 5) in the unstimu- lated state, 33 Ϯ 5% (n ϭ 5) during acute stimulation (P Ͻ 0.05 vs. unstimulated), and 56 Ϯ 4% (n ϭ 15) after prolonged stimulation (P Ͻ 0.05 vs. unstimulated). These are the same as the previous results of Taegtmeyer and colleagues (15) with low fat and lactate.
Energy homeostasis based on conservation of highenergy phosphates. Because contractile activity and MV O 2 during adrenergic stimulation (particularly the peak values) did not differ between the two systemic metabolic states, ATP turnover was not compromised. We therefore examined more sensitive indexes of energy homeostasis. The static content of ATP was slightly decreased with prolonged adrenergic stimulation. The small decreases during acute stimulation were not significant ( Table 2 ). ATP content is not a sensitive index of energy homeostasis, nor does the value predict ATP turnover unless adenine nucleotides are severely depleted. However, small decreases in ATP are amplified (by adenylate kinase) into larger (percentage wise) changes in AMP, making AMP an important effector for the signaling of energetics (i.e., at phosphorylase, phosphofructokinase, and the AMPkinase cascade) and a more sensitive index of energy homeostasis. Phosphocreatine and P i also seem to be sensitive indexes of energy homeostasis. The values are shown in Table 2 . With low fat and lactate, phosphocreatine was decreased, and AMP was increased during acute contractile stimulation. The changes in P i and phosphocreatine were persistent (see Prolonged stimulation in Table 2 ). In contrast, in hearts stimulated in the presence of high fat and lactate, the corresponding changes were either attenuated or, as in the case of phosphocreatine, absent. This indicates that there was improved homeostasis of high-energy phosphates under exercising systemic metabolic conditions, which is consistent with our hypothesis that the heart is better suited to perform high work under these conditions.
Energy homeostasis based on preservation of glycogen. Table 3 gives the glycogen concentration of hearts in both states. Values for net glycogen degradation (decrease in value after the work jump) are in parentheses. The glycogen concentration before stimulation was the same in the two groups. With low fat and lactate, one-half of glycogen became degraded after prolonged (20 min) stimulation. The effect of high fat and lactate was to attenuate net glycogenolysis (57% attenuation acutely and 45% attenuation after prolonged stimulation). We suggest that the difference in glycogen preservation is an important consequence of improved homeostasis of high-energy phosphates resulting from contractile stimulation in the presence of high fat and lactate. Bear in mind that net glycogen balance reflects both synthesis and degradation. De novo glycogen synthesis occurred during net glycogenolysis in this study (see below). Therefore, it is reasonable to ask whether net glycogen sparing resulted from reduced glycogenolysis, increased glycogen synthesis, or both.
Fluxes for glycogenolysis and glycogen synthesis. (Fig. 3 ) was inhibited to a greater extent by high fat and lactate than was total phosphorylase flux (Fig. 4) , the difference being that portion of glycogen that was metabolized to lactate plus pyruvate. The difference in total phosphorylase flux between the two systemic metabolic states (30%) accounted for most, but not all, of net glycogen sparing attributed to stimulating contractile activity in the presence of increased fat and lactate. The remaining difference resulted from increased de novo glycogen synthesis. De novo synthesis, measured by the incorporation of exogenous [U- 14 Values are means Ϯ SE. Units are mol glycosyl/g dry wt. The decreases from the unstimulated value are given in parentheses. * P Ͻ 0.05 vs. low fat/low lactate.
Regulation of phosphorylase and glycogen synthase.
Potentially important or known features of the regulation of phosphorylase are shown in Tables 2 and 4.  Table 2 shows AMP, which stimulates phosphorylase allosterically, and P i , which is a substrate for phosphorylase. Table 4 shows intracellular glucose, which inhibits phosphorylase a allosterically, and the activity state of phosphorylase (percentage of total enzyme that is in the a-form, or phosphorylated form, resulting from the action of phosphorylase kinase). The end result (phosphorylase flux) is shown in Fig. 4 .
Adrenergic stimulation caused a transient burst of phosphorylase flux. Cumulative phosphorylase flux was more pronounced in the presence of low fat and lactate (Fig. 4) . In the low fat and lactate group only, this burst was accompanied by a transient increase in AMP, a persistent increase in P i , and a persistent decrease in phosphocreatine (Table 2 ). In the presence of high fat and lactate, the corresponding changes were less pronounced and/or delayed until after acute stimulation (after the burst of phosphorylase flux had subsided; Fig. 4 ). Adrenergic stimulation also caused the expected increase in the portion of phosphorylase in the a-form, reflecting activation of phosphorylase kinase by Ca 2ϩ and protein kinase A. Phosphorylase was activated (converted to the a-form) persistently (prolonged stimulation in Table 4 ) despite the cessation of phosphorylase flux (Fig. 4) . The cessation of phosphorylase flux did not result from depletion of glycogen reserves (Table 3) . However, the accumulation of intracellular glucose may explain termination of the glycogenolytic response (Table 4) .
Glycogen synthase became activated (dephosphorylated) after prolonged adrenergic stimulation. The degree of activation during prolonged stimulation was the same for the two groups (from 13% active in the unstimulated state to 21% active after prolonged stimulation for both low and high fat and lactate groups; Table 5 ). Glucose-6-phosphate (glucose-6-P), an allosteric activator of synthase, was also increased after stimulation, but only in the presence of high fat and lactate. The increase in glucose-6-P in this group was both acute and sustained ( Table 5 ). As mentioned above, both groups exhibited de novo glycogen synthesis during the 20 min of adrenergic stimulation (based Values are means Ϯ SE. The activity state of glycogen synthase is the glucose-6-phosphate (glucose-6-P)-independent form Ϭ the dependent form ϫ 100%. The dependent form did not differ between the groups and was 7.1 Ϯ 0.2 mol ⅐ min Ϫ1 ⅐ g dry wt Ϫ1 (n ϭ 50). * P Ͻ 0.05 vs. unstimulated contractile state. † P Ͻ 0.05 vs. low fat/low lactate.
on incorporation of 14 C from exogenous [U- 14 C]glucose). However, de novo glycogen synthesis was 75% higher (P Ͻ 0.05) in the presence of high fat and lactate.
Fatty acid oxidation. Table 1  (see METHODS) . With low levels of fat and lactate in the perfusate, the increase in exogenous oleate oxidation by the work jump (19 and 21% during acute and prolonged stimulation, respectively) was not significant, but total ␤-oxidation was significantly increased (33 and 40% during acute and prolonged stimulation, respectively). By comparison, exogenous oleate oxidation and total ␤-oxidation were increased to a greater extent in the presence of high fat and lactate, especially during acute stimulation (59 and 79% increases, respectively, compared with 19 and 33% increases with low fat and lactate). In other words, there was tighter coupling between workload and ␤-oxidation, both exogenous and total, in the presence of high fat and lactate. Increased total ␤-oxidation after prolonged adrenergic stimulation was accompanied by a decrease in malonyl-CoA (Table 6) .
Triglyceride turnover. The disparity between oleate oxidation and total ␤-oxidation (little or no difference with low fat and lactate and a bigger difference with high fat and lactate) suggested an increase in the contribution of triglycerides to total ␤-oxidation in the presence of high fat and lactate. This was born out by direct measurement. Table 7 shows total triglyceride content and de novo synthesis based on incorporation of [9,10- 3 H]oleate into the triglyceride fraction. We also calculated fluxes for triglyceride synthesis and degradation by use of the relationship whereby the change in pool size equals synthesis minus degradation. With low fat and lactate, triglyceride turnover was small (roughly 0.2%/min), and the pool size was unchanged during the chase. Turnover appeared to increase in the presence of high fat and lactate to ϳ2%/min (it was not possible to calculate degradation before stimulation from the available data). With high fat and lactate, there was a fourfold higher de novo synthesis of triglycerides before and during stimulation of heart work. Degradation of triglycerides also appeared to increase (10-fold). However, there is considerable error in the estimates of degradation, because we took a small difference between two larger values of triglyceride content as part of the calculation. The change in triglyceride degradation (P Ͻ 0.1) did not reach statistical significance. Because glycogen oxidation was largely suppressed (Fig. 3 and Table 1 ), provision of high fat and lactate produced a switch from glycogen to triglycerides as the primary endogenous substrate in the high-workload state. Because of increased triglyceride lipolysis in the presence of high fat and lactate, the contribution of endogenous lipids to total ␤-oxidation was increased during stimulation of heart work from 11% with low fat and lactate to 20% with high fat and lactate. Malonyl-CoA and LCFA-CoA levels. These levels are given in Table 6 . Both were increased in the presence of high fat and lactate. In general, the increase in total ␤-oxidation after the work jump accompanied a decrease in the content of malonyl-CoA. The set point between malonyl-CoA and ␤-oxidation appeared to be increased in the presence of high fat and lactate.
DISCUSSION
Our objective is to explain the changes in substrate utilization by the heart on stimulation of heart contractile activity, taking into account the increases in systemic lactate and nonesterified fatty acids that accompany exercise. Keep in mind that the usual situation in vivo is an increase in heart work coincident with or preceding changes in substrate milieu induced by exercise. It would be difficult to model the dynamic blood levels of substrates that occur in vivo at the onset of exercise with the use of an isolated heart preparation. Therefore, we decided to perfuse hearts under one of two metabolic states (high fat/high lactate for the exercising state and low fat/low lactate for a resting state) so that the metabolic and contractile response of the heart to an abrupt increase in workload could be compared between these two states.
The levels of lactate and nonesterified fatty acids used in the present study to model the exercising state are quite high and occur only under extreme conditions of exercise in untrained individuals. For example, in the case of untrained (but not trained) running humans, exercise can produce a lactate level of 5 mM by 30 min (20) , which is the concentration used in this study. The associated increase in nonesterified fatty acids is slower to develop (20) . For untrained (but not trained) rats, running a treadmill produces an increase in systemic lactate to 3.3 mM by 10 min (2). Obviously, we cannot make a direct quantitative comparison of our results to either rats or humans in vivo. The results should, however, predict trends in substrate utilization.
We have to consider the possibility that our protocol (Fig. 1) somehow altered the pattern of contractile or metabolic response of the hearts, because there are no analogous physiological situations that require the heart to work without exogenous carbon substrate but with O 2 . Energy starvation might be expected to increase production of adenosine (from AMP) or lactate. We have not investigated this issue systematically. However, it seems likely that adenosine, lactate, and any other diffusible metabolites, if accumulated initially, will have washed away by the time hearts were stimulated. This follows from the observation that hearts continued to consume O 2 at a high rate during the 20 min of perfusion without exogenous substrate (Fig. 2B) . Therefore, hearts did not experience energy deprivation to the same extent as it occurs, for example, during total ischemia. Continued O 2 consumption indicates that exogenous substrates were replaced, in large part, by oxidation of endogenous substrates. In addition, hearts were perfused under nonrecirculating conditions with fresh perfusate during the 30 min that we measured metabolic and contractile activity, including the 10 min before adrenergic stimulation. This procedure would have removed accumulated adenosine, lactate, and any other diffusible metabolites by the time hearts were stimulated.
We accounted for four features of the exercising state that seem most relevant to the metabolic and contractile activity of the heart: increased afterload, increased adrenergic stimulation of the heart, high systemic lactate (normally derived from skeletal muscle contraction in vivo), and increased nonesterified fats, which, in vivo, result from adrenergic stimulation of lipolysis in adipose tissue and in the heart itself.
The presence of exercising systemic metabolic conditions produced a switch from glycogen to triglycerides as the predominant endogenous substrate, a switch from glucose to lactate as the predominant exogenous carbohydrate, and tighter coupling between workload and ␤-oxidation of fatty acids on stimulation of heart work. Increased heart work in the absence of changes in substrate milieu that characterize the exercising state (i.e., with low fat and lactate) produced a transient loss of energy homeostasis. There were small differences in high-energy phosphates between the two systemic metabolic states. However, differences in high-energy phosphates available to support contraction, based on differences in adenine nucleotides and phosphocreatine, were trivial compared with ATP turnover or with the ATP equivalent of differences in glycogen content between the two metabolic states. Of greater importance, a compensatory response to reduced energy charge is stimulation of phosphorylase flux by AMP (from ATP hydrolysis), which stimulates phosphorylase b allosterically, and P i (from hydrolysis of phosphocreatine and ATP), which is a substrate for phosphorylase. The energetic significance of the resulting glycogen depletion could manifest during repetitive contractile challenge or in terms of the time for recovery. We suggest that the resulting glycogen depletion is potentially more important in terms of the tolerance of the heart to a repetitive challenge than are immediate effects resulting from small, physiological changes in high-energy phosphates, because contractile performance was not compromised in the short term. Also, the requisite glycogen repletion prolongs the time for recovery from exercise. The loss of homeostasis of highenergy phosphates and resultant glycogen depletion were obviated when we stimulated hearts in the presence of high lactate and nonesterified fatty acids. Therefore, the rationale for an exercise warm-up is improved cardiovascular tolerance resulting from energetically more-favorable metabolic conditions, because the warm-up will tend to increase systemic levels of (especially) lactate and of nonesterified fatty acids to a lesser extent.
One should be cautious in the interpretation of total tissue AMP. The tissue levels of AMP reported in Table  2 , measured in perchloric acid extracts of freezeclamped heart, predict concentrations within the cell (roughly 0.5 mM) that are much too high to regulate phosphorylase. Phosphorylase is activated by submicromolar concentrations of AMP. Cytosolic concentrations of free AMP are, therefore, probably also submicromolar. Bü nger and Soboll (6) calculated free cytosolic concentrations of AMP (roughly 100 nM) from mass-action ratios for creatine kinase and myokinase. They suggested that most of cellular AMP is sequestered, possibly within mitochondria (11) . A similar problem arises in the interpretation of the whole tissue levels of malonyl-CoA given in Table 6 , because the predicted free concentrations are much too large to allow appreciable flux through heart CPT I. Presumably, most of malonyl-CoA, like AMP, is sequestered, either by compartmentalization or by protein binding. We suggest that total tissue levels of the two ligands (AMP and malonyl-CoA) reflect the effective concentration at their respective target enzymes. This statement is true under the condition that the relevant process, such as protein binding, is reversible. Therefore, we suggest that changes in flux for phosphorylase or CPT I can be interpreted on the basis of changes in the whole tissue content of their respective regulatory ligands. The actual free concentration of the ligand at its receptor, however, is not readily calculated from whole tissue levels of AMP or malonyl-CoA.
Regulation of glycogenolysis and glycogen synthesis. Our results suggest that although the well-known stimulation of phosphorylase flux by AMP, and possibly P i , operates in our heart perfusions after adrenergic stimulation, phosphorylation of phosphorylase to the active or a-form is not an important determinant of the increase in enzyme flux. On the contrary, the expected shift in the portion of phosphorylase to the a-form, reflecting activation of phosphorylase kinase, seems paradoxically to terminate glycogen breakdown. This conclusion is based on the observation that phosphorylase flux ceased despite persistent activation of phosphorylase (see Prolonged stimulation in Table 4 ). We explain the result by an accumulation of intracellular glucose, which inhibits phosphorylase a allosterically. This effect was more pronounced with high fat and lactate, because there was greater conversion of phosphorylase to the a-form, higher intracellular glucose, and less cumulative phosphorylase flux (Fig. 4) . We conclude that phosphorylase flux during the work jump is a true index for homeostasis of high-energy phosphates (particularly AMP and possibly P i ) and not the degree of activation of phosphorylase kinase.
We observed de novo glycogen synthesis during the period of adrenergic stimulation in both groups of hearts (low and high fat and lactate groups). Despite the observation that synthase was activated (phosphorylated) to the same extent in both groups, there was greater glycogen synthesis in the presence of high fat and lactate. We explain the result by greater allosteric stimulation of synthase by glucose-6-P, which increased only in the high-fat, high-lactate group (Table 5). Therefore, both allosteric and covalent mechanisms explained the overall pattern of glycogen synthesis. First, increased phosphorylation of synthase to the active, or glucose-6-P-independent, form after adrenergic stimulation, which occurred to the same extent in the two groups (low and high fat and lactate groups), accounts for the basal rate of de novo glycogen synthesis (4 Ϯ 0.7 mol/g dry wt observed with low fat and lactate). Superimposed on the basal rate is additional glycogen synthesis resulting from allosteric stimulation by an increase in glucose-6-P, which occurred in the presence of high fat and lactate (to 7 Ϯ 0.7 mol/g wet wt, P Ͻ 0.05).
Although synthase activation during adrenergic stimulation might tend to promote futile cycling of glycogen, closer examination reveals that the rationale for this phenomenon may be to hasten the transition of the heart into a recovery phase, and the potential for futile cycling (an energy-consuming process) is actually rather small. The latter statement is based on the observation that the group exhibiting greater de novo glycogen synthesis (high fat and lactate) is also the group exhibiting less phosphorylase flux (Fig. 4) . In addition, most of glycogenolysis occurred early on, immediately after adrenergic stimulation (Fig. 4) , and yet the activation of synthase by phosphorylation was delayed (compare acute and unstimulated values for synthase activity state in Table 5 ). The suggestion that synthase activation primes the heart for repletion of glycogen reserves during the subsequent recovery phase was offered previously to explain synthase activation during transient ischemia (25) . Activation of glycogen synthase, therefore, may be a response to diverse signals (increased work and ischemia) that initially cause glycogen utilization.
Increased fatty acids contributed to improved energy homeostasis. First, a real increase in the availability of fatty acids for respiration, irrespective of whether they were derived from intracellular or extracellular sources, was evidenced by increased content of LCFACoAs (the substrate for the rate-limiting enzyme of total ␤-oxidation). Second, the contribution of triglycerides to total ␤-oxidation was doubled in the presence of high fat and lactate to 20% during contractile stimulation. Third, we found tighter coupling of ␤-oxidation to the workload resulting from a larger increase in total fatty acid oxidation with the work jump in the presence of high fat and lactate. The increase for fatty acids replaced some of the increase in carbohydrate oxidation that we observed when work was stimulated in the presence of low concentrations of fat and lactate; lactate replaced glucose and glycogen, but the replacement was less than stoichiometric in terms of ATP synthesis.
We propose that increased lactate serves an important permissive role, with the prediction that improved energy homeostasis requires increases in both lactate and fatty acids. By itself, high lactate stimulates triglyceride turnover in perfused heart (7) and therefore probably contributed to increased turnover in the present study when combined with high fatty acids. Of greater importance, lactate bypasses the glycolytic block imposed by high fatty acid oxidation, becoming essentially the only oxidizable carbohydrate and a major anaplerotic substrate required to maintain high Tricarbocyclic acid cycle flux from fatty acid-derived acetyl-CoA. In turn, high mitochondrial acetyl-CoA from ␤-oxidation promotes anaplerosis from lactate by stimulating pyruvate carboxylase (36a). In vivo, systemic lactate, pyruvate, and alanine probably all provide substrate for pyruvate carboxylase in heart mitochondria.
As expected, increased total fatty acid oxidation with the work jump was generally accounted for by decreased levels of malonyl-CoA, reflecting the degree of inhibition by malonyl-CoA of CPT I (reviewed in Ref. 22) . Unexpectedly, the set point between malonyl-CoA and total ␤-oxidation was increased in the presence of high fat and lactate. Total fatty acid oxidation was high despite increased levels of malonyl-CoA. We explain this result by increased levels of LCFA-CoAs, which promote their own oxidation, either by mass action or by antagonizing the action of malonyl-CoA at CPT I (23) . We propose that the lack of a strict inverse correlation between malonyl-CoA and flux through CPT I reflects modulation of the sensitivity to inhibition of CPT I by malonyl-CoA, resulting from variation in LCFA-CoA levels. Irrespective of whether the bottleneck at CPT I resulted from increased provision of CoA-esters or inhibition of CPT I, increased substrate for the acyl-transferase that initiates triglyceride synthesis probably contributed to stimulated lipogenesis.
That total glycolytic flux (Fig. 4) is small compared with oxidative phosphorylation (Table 1) is not a new observation, but it has an important consequence with respect to the role of glycolytically derived ATP. Glycolytic ATP is postulated to be compartmentalized for ion homeostasis (38, 39) . In the presence of high fat and lactate, we calculate that glycolytic ATP synthesis contributed 1.3 and 5% to total ATP synthesis before and after adrenergic stimulation, respectively. These values are contrasted to the roughly 25% requirement of basal metabolism, attributable in large part to Ca 2ϩ -and Na ϩ -K ϩ -ATPases. Therefore, if glycolytic ATP were used entirely for ion homeostasis, it could only support a small portion of the total requirement for this purpose.
In summary, our results suggest that systemic metabolic conditions that develop during exercise (increased lactate and nonesterified fatty acids) are favorable for energy homeostasis of the heart during contractile stimulation. High fat and lactate suppress glycogen oxidation and, to a lesser extent, glycogenolysis, which are compensatory responses to the decrease in energy charge that occurs when hearts are stimulated in the presence of low levels of fat and lactate. Improved energy homeostasis resulted from increased availability of nonesterified fatty acids of both exogenous and endogenous origin, the latter from increased triglyceride turnover stimulated by high lactate. We suggest that increased lactate, acting as the primary anaplerotic substrate, and another oxidizable substrate are important components of the overall response, because lactate bypasses the glycolytic block imposed by high fatty acid oxidation. Increased LCFACoAs signal the availability of fatty acids of exogenous plus endogenous origin for respiration in the presence of high fat and lactate and promote their own oxidation, either by mass action or by modulation of the sensitivity of CPT I to inhibition by malonyl-CoA. Therefore, total ␤-oxidation is regulated, not by malonyl-CoA alone but by the combined effects of malonylCoA and LCFA-CoAs.
